) and participants had to indicate which one it was (for the attended diag-2004). Finally, metacontrast masking is traditionally thought to reflect processes within early visual cortex onal) by using a button press with the right hand. This luminance discrimination served as an objective mea-(Breitmeyer and Ogmen, 2000; Macknik and Livingstone, 1998), but may also be influenced by top-down sure of visibility. As expected, subtle manipulations (jointly at all four locations) of the SOA between stimuli modulation (Ramachandran and Cobb, 1995) . Thus, it may provide an ideal paradigm for studying any posand subsequent masks produced the U-shaped visibility function that is characteristic of metacontrast masksible coupling between lower and higher visual areas in mediating visibility. ing ( Figure 1C ). There was a significant main effect of SOA on discrimination performance (F 3,28 = 5.2; p = To anticipate our findings, the psychometric visibility function was poorly correlated with activity in stimulus 0.006), and psychophysical discrimination during scanning was maximally impaired when the mask followed representations in retinotopic cortex; but strong correlations between activity and visibility were identified in the target with a delay of 30-70 ms. higher visual areas V5/MT and the fusiform gyrus, in parietofrontal cortex, and surprisingly, also in represen-
Whole-Brain Analyses tations of the unstimulated surround for primary visual
In order to identify any brain regions where the level of cortex. Importantly, decreased stimulus visibility was activity in the different conditions reflected the parareliably associated with a retinotopically and regionally metric changes in visibility, we first computed the "simspecific decoupling between primary visual cortex and ilarity" between the individual participants' psychometa focal region of fusiform cortex, as confirmed by sevric visibility functions and their brain responses (as a eral different analysis approaches. function of SOA). The Pearson correlation between each individual participant's psychometric and neurometric profiles provided the objective measure of simResults ilarity and was computed separately for each voxel (see Experimental Procedures, "whole-brain analysis"). This Psychometric Visibility Participants maintained fixation on a central fixation correlation was significant for only a small set of areas (Table 1 ). The fMRI signal from these areas, averaged mark while on each trial four composite target stimuli were presented briefly and simultaneously, one in each across subjects, is plotted as a function of target-mask SOA in Figure 2A , confirming the similarity between visual quadrant, followed after a brief delay (SOA) by four composite outline masks ( Figure 1A ). This quadthese mean neurometric response profiles and the mean psychometric measure of stimulus visibility (cf. rantic stimulus geometry allowed us to distinguish the activation produced by individual stimuli in retinotopic Figure 1C ). The corresponding correlation coefficients are plotted in Figure 2C ("max. similarity"). The regions visual areas. The targets were bright white "honeycomb" patterns presented on a dark background, while with significant psychometric-neurometric correlation were as follows: one region of retinotopic cortex, in the the masks consisted of thin lines tracing the outer contours of these targets (see Figure 1B and Experimental calcarine sulcus (CS); two areas of higher visual cortex (the fusiform gyrus and V5/MT+); plus four other areas Procedures for the advantages of using these honeycomb stimuli). A small central line instructed subjects including parietal and prefrontal cortex. Thus, only one region of early, retinotopic visual cortex, the CS, to covertly attend to the two target stimuli in one diagonal pair of quadrants. In this way, we could also examshowed an activation pattern that reflected visibility during metacontrast masking. This is noteworthy given ine how attention might affect visual activations (cf. Ramachandran and Cobb, 1995), though this will not be that such masking profoundly affects brightness per- ception (see Figure 1C) , which is often assumed to reels in each visual area, whereas the whole-brain analysis was unrestricted). We inspected activation patterns flect activity in early visual cortex (Rossi et associated (i.e., U-shaped) profiles of activity in the calcarine sulcus were spatially distinct from the sectors of V1 directly responding to the stimulus, both in the Retinotopic Analyses of Early Visual Areas The initial whole-brain fMRI analyses described above group analysis of retinotopic cortex ( Figure 3 ) and in individual participants ( Figure S4 ). The cortical reprewere performed after normalization of individual anatomy to standard space. However, stereotactic posisentation corresponding to the retinotopic location of the metacontrast stimuli responded strongly in a stimutions of early visual areas can be highly variable between subjects (Amunts et al., 2000). To examine early lus-driven manner (solid line in Figure 3B , see also Figure 3C ), but critically showed no modulation by mask visual cortex more closely, we therefore undertook a more detailed analysis, identifying distinct retinotopic SOA ( Figure 3E ). Visibility-associated activity (i.e., with a U-shaped SOA profile, Figure 3F ) was instead convisual areas (V1, V2, V3, V3A, V4) within each individual using retinotopic mapping (cf. Wandell, 1999; for details fined to those regions of primary visual cortex representing the visual field immediately surrounding the see Experimental Procedures). Due to the quadrantic specificity of retinotopic cortex, this also allowed us to metacontrast stimuli (dashed line in Figure 3B , see also Figure 3D ). Center and surround also differed in other distinguish brain activity related to the two currently attended versus two unattended stimuli. We found functional profiles. In addition to being strongly stimulus-driven, the "center" sector (red arrow in Figure 3B ) strong and reliable activation by the honeycomb stimulus in V1 through V4 that was also strongly modulated showed strong modulation by attention ( Figure 3E ), whereas the "surround" (green arrow in Figure 3B ) showed by attention ( Figure 2B ). But critically there was no U-shaped modulation reflecting visibility for these acweak attention effects ( Figure 3F ). Other retinotopic areas beyond V1 showed no evidence for this centertivations, not even in V1 (see the predominantly flat or monotonic SOA functions in Figure 2B , with the slight surround organization (see Table S1 ). dip for V4 not being reliable). This was also reflected in the lack of correlation between psychometric and neuEffective Connectivity between Cortical Areas The preceding analyses revealed a restricted set of corrometric profiles. The striking quadrantic specificity of the attention effects is also revealed by plotting the tical areas, both within visual cortex and beyond, whose responses correlated either with the psychometric visimain effects of attention averaged across subjects on a standard brain template (see Figure S5 . This correlation measures the "similarity" between U-shaped visibility functions of individual subjects and their BOLD signals in each particular brain area. Perfect similarity between BOLD signal and visibility profiles would be represented by a value of 1, no similarity by 0, and perfect similarity to the inverted response by −1 (black bars indicate significant correlation at p < 0.05; "CS" = calcarine activation found in the whole-brain analysis; "V1" activation in retinotopically defined area V1 at voxel maximally activated by the stimulus; IFG = inferior frontal gyrus; MC = left motor cortex, which served as a control area and shows no correlation; for other areas see Table 1 these changes in correlation between areas and the psychophysical visibility function was significant for To investigate whether psychophysical measures of visibility are reflected in the pattern of effective connecthe coupling between V1 and fusiform gyrus, for both the stimulus-driven and the unstimulated surround sectivity, we computed the correlation between all possible pair-wise combinations of areas that had shown visibiltors of V1 (asterisks in Figure 4C ). Accordingly, these changes in correlation exhibited a U-shaped profile that ity-associated responses (Table 1 and Figure 2A) , plus all of the retinotopically mapped visual areas (including reflected corresponding changes in visibility with SOA ( Figure 4D ). Such a relationship was observed both in the stimulated and unstimulated sectors for V1), for each masking SOA. This broad initial selection of areas this group analysis ( Figure 4D ) and in seven of the eight individual subjects ( Figure S2 ). was undertaken deliberately in order not to be unduly restrictive (but as will be seen, the results were in fact To ensure that the visibility-related changes in correlation between V1 and FG indeed reflected changes in highly selective). In order to avoid artifactual changes in correlation caused by a direct "driving" effect of the effective connectivity, we ruled out several alternate explanations. It is important to emphasize that visibilitystimulus conditions, estimation of connectivity was performed using only the residuals after estimation and related changes in correlation between areas did not simply reflect similar response profiles in each area. For removal of the stimulus-driven effects (e.g., see Macaluso et al., 2000). We then identified those pairs of areas example, the stimulus-driven regions of V1 and responses in FG showed very different activation profiles where the profile of changes in correlation (rather than the level of activity, as in the analyses presented earlier) (see Figure 2 ), yet still showed a consistent change in their pattern of coupling that closely reflected visibility ( Figure 4D) . Moreover, the changes in correlation between pairs of areas were not related to a specific combination of main effects (e.g., one area showing a flat profile and one a U-shaped profile), because no other pair of areas with such overall activation profiles (e.g., other retinotopic areas, parietal and frontal regions) exhibited the same U-shaped profile of changes in coupling. Nor did this coupling result merely reflect anatomical proximity, as it was neither found between the stimulus and surround sectors of V1 themselves, nor among subsequent retinotopic visual areas (see Table  S1 ). The result was also not caused by an increase in overall variability in the low-visibility conditions (e.g., due to any common top-down source of variability that might reflect the difficulty of detecting low versus high visibility stimuli, see Ress et al., 2000) , since the overall level of variability itself in the fMRI signal was equivalent in V1 and FG in low-and high-visibility conditions (see Table S2 ). The coupling result was also unchanged when correct and incorrect responses were modeled as separate events to remove any variance due to differences between hit and miss responses (see Figure 4 , caption). This means that potential differences between hits and misses in within-area response amplitudes are not the cause of our observed changes in coupling. Finally, we confirmed that the regional specificity of the changes in connectivity we observed (i.e., between V1 and FG) had not arisen due to any bias in our preselection of cortical areas from our whole-brain and retinotopic analyses (which had been based on those areas identified in the earlier retinotopic and wholebrain analyses). An additional unconstrained wholebrain connectivity analysis revealed that the only areas throughout the brain to show significant (p < 0.05, corrected for multiple comparisons) visibility-associated coupling with primary visual cortex as a function of areas rather than for overall activity within a single area (white = high similarity; V1c = V1 center; V1s = V1 surround). The asterisks indicate significant correlation between individual psychometric functions and functional coupling profiles (p < 0.05, Fisher-transformed and Bonferroni corrected). With a more lenient threshold .g., solid line in [B] ). This simunlike the blocked effects of functional coupling characterized ilarity metric is directly analogous to that plotted in Figure 2C, ex- here. cept that it is now calculated for the functional coupling between SOA were bilateral fusiform gyri (see Figure S1 ). FurThe brief nature of our stimuli and the masking procedure (that varied mask SOA over a few tens of millithermore, the profile of changes in connectivity was not particular to the specific details of the analysis proseconds) are not inconsistent with our observation of a change in coupling between fMRI signals that vary cedure employed, as a further analysis using a different method (Friston et al., 2003) for estimating effective more slowly. Not only do neural responses to brief stimuli typically extend for several hundred milliseconds, connectivity resulted in the same findings of a U-shaped coupling profile ( Figure S3 ). Taken together, these combut neural signals associated with metacontrast masking can be observed well beyond the offset of the stimplementary analyses of effective connectivity using different analytic approaches all converge to show that ulus (Bridgeman, 1975; Bridgeman, 1980) . Such long-lasting visibility-associated signals have been previously our finding of a highly focal, visibility-related decrease in connectivity between V1 and fusiform gyrus was roproposed to represent the consequences of recurrent interactions between visual areas (see Francis, 2000, bust, generalizable across subjects, and anatomically highly specific.
for a review) that evolve over several hundred milliseconds. While the hemodynamic response measured using BOLD contrast fMRI evolves over several secDiscussion onds, it is now well established that response latencies of a few hundred milliseconds or less can be resolved These data demonstrate that, in humans, visibility can using such techniques (Formisano and Goebel, 2003, be correlated with dynamic changes in effective confor a review). Thus, very small differences in stimulus nectivity between areas as revealed by fMRI. This sigtiming can evoke detectable changes in the BOLD significantly extends previous studies of visibility that had nals, providing a plausible basis for our observations of only measured activity within specific brain regions visibility-dependent coupling between V1 and fusiform (e. , followed by a variable interval of 16.7, 33.3, 66.7, or response. These analyses were consistent with the results obtained using the Pearson correlation. Regions where the mutual 100 ms, after which the masks were presented for 16.7 ms. During each scanning run, participants were required to maintain gaze on information between psychophysics and neural response was significant (p < 0.05) are plotted in Figure 2C as daggers. a central fixation spot. A small line cued the participants to attend covertly to the stimuli on one of the two diagonals (directing attention in this way to the diagonals encouraged stable fixation overall, Retinotopic Analyses although the display time of each stimulus was too short to permit The second analysis was based on individual subjects' retinotopic saccadic eye movements). The central hexagon of one of the two visual areas. To extract activity from individual regions in early vistimuli on the attended diagonal was slightly darker (mean lumisual cortex, we used 20 mask volumes for each region of interest nance 182 Cd/m 2 ), and the participant had to indicate (in a two-(left and right V1d, V1v, V2d, V2v, V3d, V3v, plus the four quadrant alternative forced-choice task) which one by pressing one of two representations of V3A and V4). These were obtained from the retibuttons of a response box. A randomly chosen stimulus on the notopic mapping sessions following conventional methods (Wanunattended diagonal also had an identical brightness manipulation dell, 1999) and using Fourier analyses in SPM2 and segmentation to avoid any stimulus-driven differences in brain activity between and cortical flattening in MrGray (http://white.stanford.edu/wbrian/ attended and unattended stimuli. Each block consisted of 15 trials mri/segmentUnfold.htm). In each of these regions of interest, we (spaced by 1.5 s) with a constant masking SOA and a constant then chose the maxima for activation by metacontrast stimuli and attended diagonal. During each run 16 such blocks were preextracted the average response (regression coefficients averaged sented, which comprised two pseudorandomized sequences of the across runs). The average responses for each subject and condieight conditions (two attention conditions × four delay conditions) tion were then used to plot Figure 2B . For all retinotopic areas, with fixation-only rest periods of 17.5 s inserted between each there was a significant main effect of attention but no significant block. Before scanning, the subjects completed three to four runs interactions between attention and target-mask SOA. The correlaof the same task outside the scanner to ensure they were able to tions between neurometric and psychometric profiles were comperform the task and maintain stable fixation, as also confirmed by puted as above and are also plotted in Figure 2C ("retinotopic") . the retinotopic stimulus-driven activations we found.
Topographical Analysis of Similarity Measure in V1 fMRI Acquisition and Preprocessing
In order to analyze the spatial distribution of stimulus-driven effects After giving informed consent, eight healthy volunteers (aged 22-and similarity effects within retinotopically mapped V1, the regres-33 years) participated. All had normal vision, were highly experisors for the main effect of stimulation and the similarity measure enced with similar psychophysical tasks, and practiced the task were overlaid on computationally flattened representations of indiprior to scanning. Data were acquired using a Siemens Allegra 3T vidual subjects' occipital cortex (Teo et al., 1997; Wandell et al., scanner. For the main experiment, between five and six runs with 2000; e.g., Figures 3C and 3D) . To obtain an average profile of these 216 functional MRI volumes were collected per subject (48 slices; measures across all subjects ( Figure 3B ), a 30 mm cross-section TR = 3.12 s; resolution 3 × 3 × 3 mm). A T1-weighted volume was was taken that followed the gradient of eccentricity from the fovea acquired to allow coregistration of functional data with the individto the periphery and ran in the middle between the representations ual subjects' structural scans. In a second session, we collected of horizontal and vertical meridians in V1 (see dashed arrows in eight runs with 90 volumes of retinotopic mapping data for the Figure 3A ). This corresponds to the location of the quadrantic stimsame subjects. During these runs subjects viewed standard retinouli. The topographic profiles in individual subjects, which are highly topic mapping stimuli (Wandell, 1999) consisting of either wedges consistent, are shown in Figure S4 . or rings that cyclically rotated or expanded with a phase duration of 31.2 s.
Effective Connectivity We analyzed fMRI data using SPM2 (http://www.fil.ion.ucl.ac.uk/ The analysis of effective connectivity was initially performed using spm). The first five images of each run were discarded to allow for an extension of an established fMRI analysis method (Macaluso et magnetic saturation effects. The remaining images were realigned, al., 2000; Stephan et al., 2003) for identifying "psychophysiological resliced, coregistered to the individual subjects' structural scans, interactions." This extension was implemented to facilitate compuand (for the nonretinotopic analysis) spatially smoothed with a nartation of the entire connectivity matrix shown in Figure 4C and critirow Gaussian kernel of 5 mm full-width half-maximum. The data cally to test for dynamic changes in functional coupling in relation were high-pass filtered (cut-off frequency 0.0083 Hz) to remove to psychophysical performance (and hence visibility) at the four low-frequency signal drifts and then subjected to two separate mask SOAs. In order to avoid artifactual changes in functional couanalyses, both using a voxel-wise general linear model (GLM) that pling caused by a direct "driving" effect of the stimulus conditions, included the eight experimental conditions and the motion correcestimation of functional coupling was performed using the residution parameters (as effects of no interest). als after estimation and removal of the stimulus-driven effects (Macaluso et al., 2000). First, the time courses of the residuals were extracted from the voxels in early visual areas showing a maximum Whole-Brain Analyses For the first (nonretinotopic) analysis, the individual subjects' funcstimulation effect (for V1c, V2, V3, V3A, V4) and from the voxels with maximum correlation with the visibility function (for V1s, FG, tional scans were normalized to an MNI standard template prior to application of the GLM. The regression coefficients were collapsed MT, PCC, PC, TPJ, MFG, IFG). The residuals were obtained by first estimating the full GLM (as for the whole-brain analyses) with sepaacross runs and attention conditions, resulting in four activation measures (one for each SOA) for each subject. The "similarity" berate regressors for each SOA and for subject motion. Then a characteristic regional time course of the residuals (i.e., the variance tween an individual subject's psychometric visibility function and the profile of brain responses was computed for each voxel as folnot accounted for by this model) was extracted from the selected voxels. Only the residuals were used in order to ensure that any lows. The behavioral and brain response were each treated as a four-dimensional vector, where each entry corresponds to the meachanges in correlation between different masking SOAs could not simply be due to differences in the main responses to stimulation surement at one masking SOA. The mean of each vector was subtracted, resulting in two new vectors. The cosine of the angle or to movement-related artifacts. Note that the residuals had similar variance across all conditions (see Table S2 ), ruling out the posbetween these two vectors is a measure of similarity that is independent of the scaling of the individual responses. It corresponds sibility that nonspecific contributions to residual variance (e.g., possible top-down effects that might differ under different visibility to the Pearson correlation coefficient. The resulting correlation
